A coincidence circuit is described which makes possible the determination of half-value periods between 10-4 sec. and 1 sec. using a single Geiger counter. This arrangement has been used to determine the half-value periods of actinium A, thorium A and radium C' with the following results: AcA (1*83 + 0*04) x 10-3 sec., ThA (1*58 + 0*08) x 10~1 sec., RaC' (1-48 + 0-06) x 10-4 sec. A discussion of the limitations of the method and of possible sources of error is given.
Introduction
The method of determining half-value periods described in this paper is based on the analysis of the distribution in time of the impulses recorded in a single Geiger counter. This analysis is made possible by the use of an electrical circuit with a variable resolving time, developed for this work by Dr J. V. Dunworth in the Cavendish Laboratory-! The half-value periods of actinium A, thorium A and radium C' have been measured by this method. The values obtained are as follows:
Ac A (1-83 ± 0-04) x 10-3 sec., ThA (1*58 ± 0*08) x 10_1 sec., R aC ' (1*48 ± 0-06) x sec.
The periods of thorium A and actinium A were determined by Moseley & Fajans (1911) using a rotating disk method. The half-value period of radium C' has been determined by Rotblat (1939 Rotblat ( , 1941 ) (see also Dunworth 1939) . I t will be seen th a t the half-value periods reported in this paper agree reasonably well with previous values. Although, up to.the present time, the experimental technique now to be described has been tested only in the determination of half-value periods of elements of the naturally radioactive series, it has many other applications in the field of nuclear physics. { I t will clearly be of use in the search for new radio-activities with half-value periods of this order produced by the decay of longerlived parent substances, and it should also prove useful in the investigation of y-ray transitions of comparatively long lifetime (1 sec. > r > 10-4 sec.).
Method of analysing coincidence counting rates
The electrical circuit, which is described more fully later in the paper, has the property of recording a ' coincidence ' whenever any impulse in the Geiger counter occurs within a time interval T of the preceding impulse. I t can also be used to count the total number of impulses occurring in the counter in a given time.
When the impulses produced in the Geiger counter are randomly distributed in time, and the electrical resolving time of the associated circuit is T, it can be shown th at the coincidence counting rate Co is given by the equation
where n is the average number of impulses per unit time. The coincidence counting rate is here understood as the average number of times per second th a t an impulse follows the last preceding impulse within a time interval less than T sec. Suppose now th a t a small amount of actinon gas, for example, is introduced into such a counter. Then, because successive disintegrations occur, the impulses will no longer be distributed a t random. The total counting rate will be the sum of the 'natural effect' of the counter and the effect produced by the decay of the actinon, actinium A and the succeeding members of this radioactive series. I f all the radioactive atoms disintegrating in the counter are recorded, and if the average time interval between disintegrations is large compared with the half-value period of actinium A (the shortest-lived member of the series), then it is evident th a t each impulse due to the disintegration of an atom of actinon will be followed by an impulse due to the disintegration of the daughter atom actinium A, and th a t the separation in time of such a pair of impulses will be much less than the average time interval between recorded impulses in general. The coincidence rate C can now be shown to be
where na is the number of 'random ' impulses per unit time -and nb is the number of pairs of correlated impulses per unit time, the correlation being expressed by the probability P T = (1 -e~AT) th a t the second impulse of a pair follows the first within a time T. Here A is the characteristic radioactive decay constant concerned. I t should be noted th a t the total counting rate in this case is na + 2 . The precise significance of the counting rates na and nb in our present example has now to be discussed. In the first place the correlation in time between the impulses produced by the decay of actinium B and successive members of the radioactive series is not considered in this analysis. Since the half-value periods of these substances are very much longer than the resolving times T of interest for the determination of the period of actinium A, they are considered as contributing 'random ' counts, included, with the natural effect of the counter, in the value of n a . Again, there are two reasons why some of the 'correlated' disintegrations of actinon and actinium A contribute to n a rather than to nb . The first reason is th a t the efficiency of the Geiger counter is not exactly 100 % , the second th a t there is a finite time t in which the counter is insensitive to a further impulse after each impulse which it records. If e is the efficiency of the counter, only a fraction e of the disintegrations of actinon are counted, and a similar fraction of the disintegrations of actinium A would be counted, if the second effect were negligible. If this were the case, a fraction e2 of the correlated disintegration pairs An->AcA->AcB would be recorded, and a fraction e(l -e) of the disintegrations of each body would give rise to uncorrelated impulses counted in n a . If the finite recovery time r is not negligible, as we have just assumed, a further fraction e2(l -e~Ar) of the disintegra tions of actinium A fail to be recorded, only e2e-AT of the total number of ' correlated ' pairs go to make up the observed rate nb, and an additional fraction e2( 1 -e~Ar) of the disintegrations of actinon-over and above the fraction e ( l-e) previously trans ferred-must be regarded as contributing to n a . The effect of the finite recovery time is not, of course, confined to the correlated disintegrations; its general effect on the coincidence rate can be represented by interpreting T in equation (ii) as a time measured from a zero t sec. after the occurrence of each impulse recordedafter the redistribution already made between and na . For the purposes of discussion the actinon series has been used to illustrate the application of equation (ii) in the analysis of coincidence observations. I t will be realized that similar, but in each case distinct, considerations hold when equation (ii) is used in the determination of the half-value periods of thorium A and radium C'.
In general, for the determination of the period of a radioactive substance, the following procedure is carried out. Values of C are obtained for different known values of T. The single counting rate n a + 2nb is also measured. From these measurements, with the help of equation (ii), A is determined. The half-value period is then 0-693/A. From an inspection of equation (ii) it can be seen th a t a determination of A is simplest when A is greater than {na + nb), and when n a is kept as small as possible.
D esign of Geiger counters and of the coincident circuit
The Geiger counters used in these experiments were made of small dimensions. This was necessary to keep the value of na (equation (ii)) as small as possible, since a small counter has a small natural effect and, at the counting rates used, the natural effect contributes appreciably to w0. A small counter is also relatively insensitive to the y-rays from radioactive sources in the vicinity. In addition, some evidence was obtained in the course of these experiments which showed th at small counters have a shorter recovery time (r) than larger counters of the same construction.
The counters were of the type recommended by Curran & Petrzilka (1939) , having a brass cylinder and a 50/< tungsten wire, and were filled with a mixture of 90% argon and 10% alcohol to a pressure of 12 cm. of mercury. Two different methods were used to introduce the radioactive material into the counting volume. Figure 16 illustrates the arrangement used to introduce radon and thoron into the counters. The emanating source was placed in a receptacle fitting into the side tube with a ground-glass joint, and the entrance of the radio active gas into the p art of the tube containing the Geiger counter was controlled by a tap. When the tap was open, the radioactive gas diffused into the counter proper through the small hole in the glass end-piece used to centre the tungsten wire. Figure lc shows the arrangement used in measuring the half-value period of actinium A. The emanating source was placed in a cylindrical container which was introduced into the long side tube through a ground-glass joint. A small piece of soft iron was attached to the source container, and enabled it to be moved along the tube by means of an external magnet. When the source container was a t the end of the side tube farthest from the counter, the actinon gas atoms decayed before they had time to diffuse along the tube as far as the counter. W ith the source moved closer to the counter, the actinon atoms were able to diffuse into the counter through a small hole drilled in the brass wall of the counter. This hole did not face directly down the side tube but was arranged in such a way th a t particles arising from disintegrations in the side tube would have small chance of passing through the hole into the counting volume. I t was shown experimentally th a t the number of actinon atoms diffusing into the counter was reduced to about 50 % by moving the source 1 cm. farther away. This is in reasonable agreement with the value calculated from the rate of diffusion of the actinon atoms and their known half-life (3-9 sec.).
The electrical circuit used for the experiments described in this paper is shown in figure 2. For the sake of simplicity the valves are shown as triodes. Figure 2 shows a multivibrator circuit and Geiger counter which operates in a manner suggested by Getting (1938) . This circuit is very sensitive to small voltage changes on the grid of the first valve, if the bias of the second valve is correctly adjusted. Two purposes are served by the use of this circuit. The voltage pulse on the plate of the second valve is almost independent of the size and length of the pulse of applied voltage, and the changes in voltage on the plate and grid of the first valve can be utilized to provide a quenching action for the counter. The arrangements 
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shown for quenching the counter are similar to those suggested by Getting (1938) except th a t a larger range of useful operating voltage is achieved by applying quenching voltage both to the case and to the wire of the Geiger counter.
A single impulse in the Geiger counter produces a rectangular pulse of negative voltage a t the plate of the second valve. The length of this pulse (see figure 3a) can be altered by varying the values of G and (figure 2 a). Pulse lengths between 10~3 and 10-4 sec. have been used in these experiments, the values being measured by visual observations on an oscillograph. These are the values of the time interval, r, for which the Geiger counter is rendered useless for counting by the quenching voltage. I t was not possible to use pulse lengths shorter than 10-4 sec., since then a single impulse in the Geiger counter would trip the multivibrator circuit more than once.
The rectangular pulses of negative voltage from the second valve in figure 2 a are fed into the second part of the electrical circuit, figure 26, by two separate paths. The resistance-capacity coupling used has a small time constant and alters the rectangular pulse to the shape shown by the dotted line in figure 3a .
The two upper valves in figure 26 have a common plate resistance and form a modified Rossi coincidence pair. The cathode potential of this pair of valves is maintained a t about 100 V positive with respect to ground by the potential dividers Rx, R2. The control grid of the second valve of this pair is connect through a megohm resistance to the plate of the thyratron ( ) . The voltage pulse represented by the dotted line, figure 3 a, is fed to the grid of the thyratron and the grid of the first valve of the Rossi circuit. The voltage changes occurring across the plate resistance of the Rossi circuit are shown in figure 36 . The initial short pulse is caused by the first valve of the Rossi pair being rendered non conducting by the negative part of the input pulse. The second positive p art of this input pulse strikes the thyratron and the consequent fall of the plate potential below 100 V is communicated to the grid of the second valve of the Rossi pair and this valve is made non-conducting. This valve remains non-conducting for a length of time T determined by the time necessary to charge the plate of the thyratron up to 100 V, and this time T is determined by the value of the resistance and capacity in the plate circuit of the thyratron. The output voltage changes occurring a t the plates of the Rossi pair when two impulses are recorded within a time T are shown in figure 3 c. The second impulse is recorded as a coincidence by the large voltage change which occurs a t the plates of the Rossi pair. I t should be noted th at the second valve of the Rossi circuit is again held non-conducting for a length of time T after the second impulse, and the circuit will again record a coincidence if another impulse falls within this time. Thus the electrical circuit fulfils the condition stated previously: it records a coincidence every time an impulse follows the preceding impulse within a time T.
The output from the plates of the Rossi pair is fed through a discriminator valve into a scale of eight and mechanical recorder. The resolving time of the scale of eight circuit was shown experimentally to be less than 10~4 sec.; thus the correction for counting losses was dependent only on the recovery time of the mechanical recorder and on th at of the Geiger counter and its associated m ulti vibrator circuit. Corrections for loss in the mechanical circuit were avoided by using a scale of sixty-four when fast counting rates were required. W ith a recovery time of 10~4 sec. for the Geiger counter, losses in the counting of randomly occurring impulses for this reason were always less than 1 % .
Two methods were used to measure the resolving times T of the coincidence circuit obtained with different settings of the variable resistance and capacities of figure 26. For resolving times between 1*0 and 0*02 sec. a neon stabilizer was used as a pulse generator and synchronized with the 50 cycle a.c. By this means pulses were obtained with a frequency of 50 per sec. or any submultiple of 50 per sec. The resolving time T equal to the time between succeeding pulses could then be easily determined by finding the values of capacity and resistance in the plate circuit of the thyratron for which the circuit recorded each pulse as a coincidence. For resolving times less than 0-02 sec. the resolving time was determined by measuring the chance coincidence rate for a known single counting rate when the impulses had a random distribution in time.
By observing the coincidence rate at various single counting rates for a fixed value of T (plate resistance and capacity constant) the validity of equation (i) was proved. This test also showed th at the coincidence circuit was behaving correctly and that no appreciable number of 'spurious' coincidences was being recorded. Such * spurious ' coincidences were found when the pulse length of the multivibrator was made less than 10-4 sec. I t may be pointed out that the electrical circuit which has just been described can also be used for investigations of the behaviour of a Geiger counter (cf. Roberts 1941). I t would be of interest to test one of the fast counters described by Neher (1938) with this coincidence circuit. These counters are said to have a recovery time of 10-6 sec. If it is possible to use a multivibrator pulse length of this order of magnitude the range of half-value periods which could be investigated by the present method would be greatly increased. The writer feels th a t the possibility of utilizing resolving times of this order is rather remote, since it would appear probable that the collection time of ions in a counter is of the order of 10-5 sec.
Experimental results and their analysis
The following procedure was used to determine the half-value period of actinium A. The natural effect of the counter was first measured with the source at the end of the side tube (figure 2 c) remote from the counter. The emanating source was then moved to a predetermined position close to the counter, so chosen that a suitable counting rate was obtained from the emanation, in diffusion-decay equilibrium within the counter. Alternate readings were then taken of the total counting rate (which increased with time due to the growth of actinium B together with succeeding members of the actinium series) and of the ' coincidence ' rate (at various resolving times). At the end of this sequence of observations the emanating source was again moved back to the end of the side tube. Since actinon itself has a short half-value period (3*9 sec.), it disappears rapidly when the source is removed; after a short time, therefore, the observed counting rate was due only to actinium B and the succeeding members of the series and to the natural effect as previously determined. When these experiments were made the equipment available did not allow of simultaneous determinations of the total counting rate and the coincidence ra te ; clearly if this had been possible it would have been preferable to the procedure of alternate determinations actually adopted. Tables 1 and 2 contain the analysis of one set of observations used in the determination of the half-value period of actinium A. The time in minutes recorded in column I (tables 1 and 2) is the time which had elapsed since the emanating source was brought near to the counter. Column II, table 1, gives the total counting rate (in min.-1) observed during the 229 min. for which the source remained in position, as well as the corresponding rate for the next 21 min. after the source had been removed. In column V the natural effect (54 min.-1) has been subtracted from these latter rates and column VI represents their correction to the time of removal of the source ( t -229 min.). corrected rates (709 + 6 min.-1) as the steady equilibrium counting rate due to actinium B and subsequent products (equilibrium can be regarded as virtually complete after 229 min.), and from this value we obtain the counting rate due to these products at any time during their growth to equilibrium (column III). Column IV, which gives the difference between the entries in columns II and III, is then the calculated counting rate due to actinon and actinium A, together with the natural effect and the additional y-ray background from the emanating source in its near position. I t is some confirmation of the basis of our calculations th at the values in column IV are approximately constant, showing no regular trend as t increases, and we take the mean (684 + 5 min.-1) as the effective counting rate due to actinon, actinium A and the background effect over this part of the experiment. Table 2 contains the coincidence counting rates together with their analysis. Columns II and II I give the observed coincidence rates (min.-1) and the corresponding resolving times (sec.). Values of the total counting rate ( + interpolated with the aid of table 1, are given in column IV. The analysis has been carried out as follows: for the largest value of the resolving time (in this case T = 0*01 sec.), A Tm ay be regarded as large and e~XT as negligi a first approximation. Then equation (ii) becomes C = (na + nb) [1 -e-(n"+n& )r] + , and a knowledge of the coincidence counting rate, C, and of the total rate ( +-2nb) allows first values of na and nb to be calculated. These values are then used to obtain values of A from the coincidence observations at shorter resolving times, u sin g equation (ii) in its complete form. A better approximation to values of n a and nb may then be obtained from the observations at large resolving times, and a better approximation to A by the use of the corrected values of n a and nb. Eventually, after successive approximations, values of A, n a and nb are obtained giving good agreement with all the observations. With the results given in tables 1 and 2 we obtain as best values, nb -285 min.-1 and extent of the agreement reached with these values of the constants is shown in columns V-VII, table 2. Column V gives the calculated values of The sum of these two values, given in column VII, is the calculated coincidence rate, to be compared with the observed rate of column II. The contributions of columns V and VI to the calculated rate may be thought of as the contributions of the chance and true coincidences, respectively. I t will be seen th at the agreement is reasonable and that chance coincidences represent only a small fraction of the observed coincidence rate in most cases. From the results of tables 1 and 2, and of two similar experiments, the final value for the half-value period of actinium A was determined as (1-83 ± 0*04) x 10-3 sec. The probable error in this value is in part due to uncertainties of the order of 1 % in the coincidence resolving times, T. I t is of some interest to compare the calculated value of nb with the total counting rate due to the disintegrations of actinon and actinium A recorded in the counter. The single counting rate observed in the presence of the source, excluding the effect produced by actinium B and subsequent products, is 630 (684 -54) min.-1 (table 1, column IV). But 2 the rate due to the paired ('coincident') disintegration of actinon and actinium A, is 2 x 285 = 570 min.-1. At this rate of counting, on the average, actinon-actinium A disintegration pairs of less than 10-4 sec. separation occur 11 times per min. (10-4 sec. was the time for which the counter was kept out of action by the quenching voltage), and thus only 49 single counts per minute (630 -570-11) remain unexplained in this analysis. Some of these must certainly have been caused by the decay of actinon and actinium A atoms outside the counter-the a-particles from these dis integrations penetrating the counting volume through the hole allowing entrance to the actinon gas-and there is the additional y-ray effect due to the emanating source in the near position. I t is easy to believe th at in one or other way the whole discrepancy can be explained; if so we must conclude th a t practically 100 % of the atoms of actinon and actinium A disintegrating inside the counter are recorded. Some estimate of the efficiency of the counter in recording JS disintegrations can now be made from the contribution to the total counting rate assigned to actinium B and subsequent products in equilibrium (£ = 229 min., table 1). This equilibrium counting rate of 709 min.-1 is to be ascribed to the disintegration of the active deposit in equilibrium with an amount of emanation producing 296(285+11) disintegrations per min. Leaving out of account the branching at actinium C, and neglecting the difference between secular and transient equilibrium, we thus have a counting rate of 413 min.-1 (709 -296) representing the 592 /? disintegrations per minute due to actinium B and actinium C", if 100 % efficiency be assumed for the counting of the a disintegrations of actinium C. Thus an efficiency of about 70 % for the registration of the ft disintegrations of atoms situated on the negatively charged counter wall is to be deduced from the observations (the active deposit will form on the counter wall as in the normal method of collecting the deposit by the method of recoil).
For the determinations of the half-value periods of thorium A and radium C' the counter construction shown in figure 26 was used. An old preparation of radiothorium containing a small amount of radium was employed as the emanating source. In the determination of the half-value period of thorium A the strength of this source was adjusted to give about 50 impulses per min. due to the Tn_^Th A ^disintegrations taking place inside the counter. The 'contam ination' due to the presence of radium in the source then amounted to about 40 impulses per min. if the radon was allowed to grow to equilibrium. By periodically pumping out and refilling the counter, however, observations were made with a much smaller 'contam ination' effect than this. The 'n atu ral' effect of the counter was about 8 impulses per min. with this arrangement. For these measurements with thorium A the time for which the counter was kept out of action by the m ulti vibrator was increased to about 10-3 sec.: this had the advantage of largely suppressing unwanted coincidences due to the Ra C Ay R a C'J*,. disintegrations arising from the contamination, whilst not seriously affecting the main deter mination, because of the generally small counting rates which had necessarily to be employed with this relatively long-lived body (half-value period ~10-1 sec.). In order to obtain reasonable statistical accuracy a t these small rates, observations were extended over a total period of about 2 weeks. After final analysis of the results (such a scattered body of data obviously cannot be presented here in concise form), the half-value period of thorium A was calculated as (1*58 + 0*08) x 10-1 sec.
The determination of the half-value period of radium C' was carried out in the following way. A much larger amount of the same emanating material was placed in the side tube of the arrangement of figure 26 and the radon was allowed to accumulate over the preparation for some days. Then the tap communicating with the rest of the apparatus was opened for about 30 sec., allowing some radon to diffuse into the counting volume. A relatively large amount of thoron was admitted to the counter by this procedure, but it rapidly decayed (half-value period 54 sec.) leaving effectively pure radon. This was left in the counter overnight, by which time the residual activity due to thorium active deposit had further diminished in relation to the activity due to the corresponding members of the radium series, and observations were then taken of the total counting rate and of the coincidence rate corresponding to various resolving times. Because, in this case, the radio-element of short life under investigation is not the first member of the active deposit series, but the fourth, a much larger ratio of total counting rate A new method of determining half-value periods to true coincidence rate was necessary than with thorium A and actinium A. Also, the true coincidences were now those between a /7-particle (that of radium C) and an a-particle (from radium C'), rather than between two a-particles. For both reasons the general efficiency of the coincidence method was less than before. A second set of experiments leading to the half-value period of radium C was therefore carried out as follows. The radon was introduced into the counter, as previously described, but it was pumped out again, and the counter flushed and refilled, as soon as the active deposit had grown to equilibrium. Observations were then taken of the total counting rate, and of the coincidence rate a t various re solving times, as the active deposit decayed. I t can be seen th at the periods of successive members of the radium series are such th at the contribution of the Ra C -> Ra C' disintegrations to the total counting rate is appreciably greater in this case than in the last, provided, of course, th at the natural effect of the counter is small compared with the total counting rate employed. In spite of the added complication of the need to calculate the amount of radium C present a t any time after the beginning of the experiment,* this type of experiment, using a decaying rather than an effectively steady source, gave the best results for the half-value period of radium C'. A representative set of results, belonging to one experiment with a decaying source, is given, with explanatory notes in table 3. The final value for the half-value period of radium C' deduced from several such experiments was (1*48 + 0*06) x 10-4 sec. In these experiments the time during which the counter was extinguished was about 10-4 sec. Since this time is of the same order as the half-value period of the body under investigation, and was not known accurately, it is not possible to deduce, from observations similar to those recorded in table 3, any precise information concerning the efficiency of the counter in respect of a and (5 disintegrations taking place within it, as was done in the earlier experiment on actinium A.
D is c u s s io n
From the examples studied, it appears th at the method of measuring half-value periods described in this paper should be capable of good results over the range of periods from 10-4 to 1 sec.
The shortest period which can be measured is limited by the recovery time of the Geiger counter; in the present experiments recovery times shorter than 10-4 sec. were not achieved. It is probable th a t the nature of the discharge process is such that a natural lower limit will be set at about this point.
The longest period which can be measured is limited by the natural effect of the counter. The natural effect is a function of counter size and of the cleanliness of the constructional materials used. Counters have been reported having ' naturals ' of no more than 3 or 4 impulses per m in.: the counter used in the experiments * A further complication, though not a serious one, arose from the fact that it was never possible to remove more than about 99 % of the radon by simple pumping. A small correction had thus to be made for the residue. Table 3   I  II  III  IV  V  V I  V II  V III  I on thorium A and radium C' had a natural effect of 8 per min. initially, bu t the introduction of radon resulted in a small increase of this rate, due to the residual activity of the radium D, E and F which remained after the short-lived bodies had decayed. Even with half-value periods of jq sec. long periods of counting are necessary, particularly for the determination of coincidence rates a t small resolving times, and this represents another aspect of the limiting factor. I t does not appear likely th a t the coincidence method using a single counter will be a t all satisfactory for half-value periods greater than 1 sec.
Returning to the consideration of the use of the method for the shortest half value periods capable of study, it m ust be adm itted th a t there may well be several sources of inaccuracy in the final determinations. When the half-value period is of the same order of magnitude as the pulse length, it is evident th a t m any true coincidences will be missed-the second of a pair of correlated disintegrations occurring whilst the m ultivibrator circuit is still tripped and the counter quenched. This would be of minor importance, since it could be allowed for completely, if entirely dependable quenching could always be obtained, but, particularly when a-particles are in question, it is doubtful whether this is the case. Since the starting voltage of the counter is smaller for a-particles than for /^-particles, it is difficult to arrange for conditions of quenching and recovery which are equally good for the two kinds of particle. If the counter is not completely quenched whilst the multivibrator circuit is tripped, it may continue to discharge when the full voltage is restored, and a 'spurious' coincidence may result. When the circuit was tested for chance coincidences, using a ray source, no evidence of such spurious coincidences was obtained until the counter voltage was raised con siderably above the starting voltage for /^-particle counting. In the experiments with radium C', already described, the voltage applied to the counter was just sufficient to bring the operating point on to the 'plateau ' (for /? counting). The close agreement of the results of these experiments with those which Dunworth and R otblat obtained, under conditions in which no similar errors could arise, seems to indicate th a t this precaution had the desired effect of reducing these errors, in the present experiments, to negligible proportions. Since the uncertainty on this point remains, the limits of error here set in the radium C' determination are wider than the limits calculated from a purely statistical treatm ent of the observations.
A final point of discussion of present results concerns the efficiencies which have been deduced relative to the recording of a and J3 disintegrations taking place within the counters. We have to explain why 100 % of the a disintegrations and 70% of pll the /? disintegrations are recorded. There is no difficulty in this ex planation in the former case. For atoms situated on the counter wire (or on the wall) it is almost certain th a t either the a-particle or the recoil atom will traverse the effective volume of the counter-and the number of ion-pairs produced in the small counter will not be very different in the two events. Also, an a-particle entering the wire (or the wall) will probably produce a number of secondary electrons which will make detection more certain. In the case of /? disintegrations the position is not so clear-cut, but it is again obvious from the experiments th a t a considerable proportion of disintegrations resulting in the projection of the /^-particle into the metal support are registered, along with those disintegrations in which the /?-particle is emitted directly into the counter. I t seems unlikely th a t conditions are favourable to an efficiency of /? recoil high enough to explain the observations, but when the production of secondary electrons, and 'reflexion' of the original /?-particle, are taken into account there is nothing essentially surprising in the 70% efficiency of recording actually found.
The experimental work described in this paper was carried out a t the Cavendish Laboratory, Cambridge. Although the work was abruptly terminated, the writer feels th a t it opens up many possibilities of further investigations. He wishes to express his indebtedness for scholarships to the Royal Commissioners for the Exhibition of 1851 and to Emmanuel College, Cambridge. He also wishes to acknowledge his deep indebtedness to Hr N. Feather, who suggested the problem and devoted much of his time to helpful discussion of experimental technique and results. The spectra of the flames of hydrogen, methane and carbon monoxide burning with oxygen and with nitrous oxide have been photographed in the region 6000-10,000 A. All flames in which water is a final product show a system of emission bands from the red to the far infra-red, the bands increasing in strength to longer wave-lengths. Outstanding heads have been observed at AA6165, 6457, 6919, 7164, 8097, 8916, 9277 and 9669. It is shown that these bands are due to the vibration-rotation spectrum of HaO. The top of a flame of oxygen burning in hydrogen is coloured red by the emission of these bands. In the hydrogen flame the bands are probably excited mainly thermally, but the strength of these same HaO bands in the flame of moist carbon monoxide indicates that in this flame the excitation is a result of the combustion processes; this agrees with earlier theories on the formation of vibrationally activated molecules of COa in this flame. In the hydrogen-nitrous-oxide flame new band structure in the infra-red is provisionally assigned to an extension of the ammonia a band. The methane-nitrous-oxide flame also shows the ammonia a band, and in addition strong emission of the red system of CN.
I n t r o d u c t io n
The spectra of most ordinary flames have been investigated, a t least qualita tively, in the visible and near ultra-violet regions of the spectrum, th a t is, roughly from 2000 to 7000 A. The spectra of the more common flames (hydrogen, carbon monoxide, methane) have also been studied in the far infra-red beyond 1 p (10,000 A), bu t the region between 7000 and 10,000 A appears to have been almost entirely neglected. This is, no doubt, largely because of the fact th a t flames are regarded as relatively feeble sources of light, and plates sensitized to the infra-red are relatively slow.
I t has been shown by Kitagawa (1936) th a t the flame of oxygen burning in hydrogen emits some faint bands in the visible region, principally in the red. These bands were tentatively attributed to the vibration-rotation spectrum of the water
